INTRODUCTION
============

The intense research interest in the area of energy harvesting and its conversion arises from the ever-increasing global demand for energy. In that area, extremely rapid (or "explosive," "pulse power") energy conversion, a field initiated as a consequence of research into nuclear fusion in the 1950s, has now become a critical technique due to its numerous applications as compact devices in defense, mining, renewable energy, and medical industries \[for instance, directed energy, remote power supplies, rapid charging of capacitors, mine detection, propulsion, lightning and electromagnetic pulse simulators, electromagnetic launchers, mineral and oil exploration, blasting operations at mines and quarries, and neutron generator power systems ([@R1], [@R2])\]. Ferroelectric materials are in a critical position in this area because of their unique response to external mechanical stimuli ([@R3]--[@R8]). For instance, a shock pressure compression can release the bound electric charges of poled ferroelectric (FE) ceramics within a short period of time (\~μs), thereby generating a sharp current/voltage pulse with megawatts of electrical power ([@R9]). This pressure-driven depolarization behavior in FE materials enables the technologically useful fast conversion of mechanical energy to electrical energy for applications, which have driven extensive research in this field for many years. The pressure-driven FE-antiferroelectric (AFE) phase transition of electroceramics seems to be the most straightforward approach due to the nonpolar nature of the AFE state ([@R10]). Most previous work in this area has been devoted to searching for the most promising candidate among lead-based materials, inspired by the outstanding FE properties of Pb(Zr~1−*x*~Ti*~x~*)O~3~ (PZT) and the prototype AFE material PbZrO~3~. The \~2% Nb-doped Pb(Zr~0.95~Ti~0.05~)O~3~, i.e., Pb~0.99~(Zr~0.95~Ti~0.05~)~0.98~Nb~0.02~O~3~ (PZT 95/5), was early on recognized to be the best candidate material, as its FE-AFE phase transition could be triggered under a low pressure. For this reason, it has dominated the commercial market for more than half a century ([@R10]--[@R14]). However, the toxicity of lead and increasing environmental regulation will limit its applications in the future. There is thus an urgent current need for the discovery of lead-free FE materials to replace PZT 95/5. Unfortunately, to the best of our knowledge, no success has been experimentally reported to date that lead-free ferroelectrics can transform to an AFE phase under pressure and thus be an effective lead-free alternative to PZT 95/5 in terms of explosive energy power conversion applications.

To realize novel, lead-free, energy harvesting materials showing a pressure-driven FE-AFE phase transition, it is considered as a prerequisite that these materials should have a small energy barrier between an FE and an AFE state. Besides undergoing a pressure-driven FE-AFE phase transition, promising FE materials should also have a high remnant polarization, *P~r~*, to harvest more pulsed electrical power. In this contribution, K-doped AgNbO~3~ (AN) is selected to investigate as the AN holding matrix exhibits antiferroelectricity and a large, high--*E*-field-induced polarization (*P* \~ 52μC/cm^2^) ([@R15]--[@R18]). KNbO~3~, on the other hand, exhibits an FE phase ([@R19]) but can form binary (Ag~1−*x*~K*~x~*)NbO~3~ (AKN) solid solutions with AN ([@R20]). Within these AKN solid solutions, the relative stability of the FE and AFE phase can be modulated through tailoring of the composition to give a material with a high potential to realize a pressure-induced FE-AFE phase transition and potentially be able to serve as an effective alternative to lead-containing materials for energy harvesting and conversion applications. However, neither theoretical nor experimental research has been done to date to investigate the response of AKN and other AN-based FE materials under pressure environments.

In this work, lead-free AKN FE materials are designed and synthesized for explosive energy conversion applications. It is found that AKN ceramics with the composition (Ag~0.935~K~0.065~)NbO~3~ experience an FE-AFE phase transition, leading to a sharply decreased *P~r~* as the hydrostatic pressure increases to around 300 MPa. This is quite intriguing because the pressure-driven FE-AFE phase transition has never been experimentally observed in lead-free ferroelectrics previously. An in situ neutron diffraction technique and phenomenological theory are used to elucidate how the structure of this material evolves under hydrostatic pressure. A device has also been designed and fabricated using this AKN material and a high electrical current pulse output of 22 A achieved, as demonstrated in shock-wave compression experiments. In addition, the energy storage density and temperature stability of this new, lead-free (Ag~0.935~K~0.065~)NbO~3~ ceramic material are found to be substantially higher/better than those of the classical, lead-containing PZT 95/5 ceramic material, further facilitating the possible substitution of PZT 95/5 by (Ag~0.935~K~0.065~)NbO~3~ in explosive energy conversion applications.

RESULTS
=======

The AKN ceramics have a dense microstructure with low porosity and grain sizes varying from 1 to 10 μm, as is apparent from the scanning electron micrograph image in fig. S1. [Figure 1A](#F1){ref-type="fig"} shows the pressure-dependent polarization--electric field (*P*-*E*) loops of (Ag~0.935~K~0.065~)NbO~3~ ceramics measured under a 1-Hz electrical sine waveform at room temperature. The (Ag~0.935~K~0.065~)NbO~3~ material displays a typical single loop--featured FE character with a high *P~r~* of 33 μC/cm^2^ at ambient pressure, while a well-developed, double *P*-*E* loop--featured, AFE hysteresis behavior is observed at 350 MPa with a notably decreased *P~r~* of 8 μC/cm^2^. This suggests that the AFE phase has been successfully induced out of the initial FE phase by the applied pressure. A detailed evolution of the *P*-*E* loops of (Ag~0.935~K~0.065~)NbO~3~ ceramics with increasing hydrostatic pressure is presented in fig. S2. It can be seen that the FE phase of the (Ag~0.935~K~0.065~)NbO~3~ materials gradually changes to an AFE phase with increasing hydrostatic pressure of up to \~300 MPa. Note that the location of (Ag~0.935~K~0.065~)NbO~3~ is near the compositional FE-AFE phase boundary according to a previous study ([@R20]). For comparison purposes, another (Ag~1−*x*~K*~x~*)NbO~3~ composition (Ag~0.94~K~0.06~)NbO~3~, also located near this FE-AFE phase boundary, was also prepared. Its pressure-dependent electrical properties are shown in fig. S3. The initial state of (Ag~0.94~K~0.06~)NbO~3~ shows a pinched *P*-*E* hysteresis loop and its *P~r~* displays a sudden drop when the pressure surpasses 150 MPa. However, although its dynamic response to an *E*-field suggests a nonzero *P~r~*, the zero piezo-response (*d*~33~ = 0) of (Ag~0.94~K~0.06~)NbO~3~ after poling indicates that this composition is not suited to store energy.

![Macroscopic performance of (Ag~0.935~K~0.065~)NbO~3~ FE ceramics and devices.\
(**A**) The pressure-dependent polarization--electric field (*P*-*E*) loops of (Ag~0.935~K~0.065~)NbO~3~ FE ceramics measured at room temperature and 1 Hz. (**B**) The in situ depolarization curve of prepoled (Ag~0.935~K~0.065~)NbO~3~ FE ceramics under gradually increasing hydrostatic pressures at room temperature. The data were collected during the pressure-driven depolarization process and then integrated to obtain the pressure-dependent polarization. (**C** and **D**) The hydrostatic pressure--dependent dielectric constant and dielectric loss of poled (Ag~0.935~K~0.065~)NbO~3~ FE ceramics at room temperature. (**E**) Practical dynamic discharging response of assembled (Ag~0.935~K~0.065~)NbO~3~ FE ceramic devices collected under shock pressure of 6.9 GPa. (**F**) A comparison of the energy storage densities per unit of weight of the (Ag~0.935~K~0.065~)NbO~3~ ceramics and other FE materials.](aba0367-F1){#F1}

To evaluate its in situ depolarization behavior under pressure, the (Ag~0.935~K~0.065~)NbO~3~ ceramics were poled in silicone oil under an *E*-field of 4 kV/mm for 10 min at room temperature (average *d*~33~ = 49 pC/N) and then placed in an oil hydrostatic pressure environment at room temperature. As the pressure increased, the released electric current was synchronously collected during the depolarization process and then integrated to obtain an estimate of remnant polarization as a function of applied pressure. [Figure 1B](#F1){ref-type="fig"} shows the in situ depolarization curve of prepoled (Ag~0.935~K~0.065~)NbO~3~ FE ceramics with increasing hydrostatic pressure at room temperature. It is found that at up to 240 MPa, the remnant polarization remains almost unchanged at around 33 μC/cm^2^. Over this pressure range, the depolarization current is dominated by electromechanical coupling effects such as the piezoelectric effect, and therefore, only a small depolarization current is produced. By contrast, when the pressure increases up to 300 MPa, the pressure-driven FE-AFE phase transition occurs, and most of the bound screening charges stored in the prepoled (Ag~0.935~K~0.065~)NbO~3~ sample are sharply released over a narrow pressure range. In this case, it is found that around 23 μC/cm^2^ was released when the hydrostatic pressure was increased from 290 to 330 MPa. This is in good agreement with the pressure-dependent *P*-*E* measurements.

[Figure 1 (C and D)](#F1){ref-type="fig"} shows the hydrostatic pressure--dependent, dielectric constant and dielectric loss of a poled, (Ag~0.935~K~0.065~)NbO~3~ FE ceramic at room temperature. Upon increasing the pressure to \~300 MPa, both the dielectric constant and loss show abrupt anomaly changes, in accordance with a pressure-induced FE-AFE phase transition. During the process of the pressure withdrawal, however, no sudden change happens, strongly suggesting that the pressure-driven FE-AFE transition is irreversible. The dielectric constant of fresh (Ag~0.935~K~0.065~)NbO~3~ ceramics is measured to be \~500, reducing to 295 after poling, and lastly to 236 after the application and withdrawal of 430-MPa hydrostatic pressure. This large difference between the measured dielectric constant again indicates that the (Ag~0.935~K~0.065~)NbO~3~ sample does not revert back to its initial fresh polarization state after completing the pressure-induced FE-AFE phase transition process, with its dielectric constant being 45% less than that of the fresh sample, although the remnant polarization of both states is near zero.

To evaluate the real performance of (Ag~0.935~K~0.065~)NbO~3~ materials for explosive energy conversion applications, the dynamic discharge response of the resultant AKN FE capacitor devices was then measured ([Fig. 1E](#F1){ref-type="fig"}). It can be seen that a well-developed electrical square current curve is achieved when a 6.9-GPa external shock pressure is applied and a 120-ohm external resistor is used. The generated pulse current peak value can be as high as 22 A. The released charge density under shock pressure reaches 38 μC/cm^2^, while the dynamic discharging process is completed within 1.8 μs, comparable to that of PZT 95/5 but with the distinct advantage of being lead free, i.e., nonharmful to the environment. Moreover, the bulk density of (Ag~0.935~K~0.065~)NbO~3~ ceramics (\~6.4 g/cm^3^) is much lighter than that of the PZT 95/5 material (\~7.9 g/cm^3^) ([@R21]), which is also a notable advantage due to a worldwide demand for electrical device miniaturization and reduction in weight.

The energy storage density per unit of weight in FE materials can be calculated theoretically via the following equation: *W* = *P~r~*^2^/2(ε~0~\*ε*~r~*\*ρ), where ρ is the bulk density of the FE ceramics and ε*~r~* represents the relative dielectric constant of the depoled AFE phase ([@R2]). When calculating the energy storage density, the stress-induced released charge density, which represents the real charge density that can be achieved from the shock-wave experiments, should be used as the value of *P~r~*. [Figure 1F](#F1){ref-type="fig"} gives a comparison of the calculated energy storage density of (Ag~0.935~K~0.065~)NbO~3~ with other reported FE materials ([@R9], [@R22], [@R23]). It is evident that the (Ag~0.935~K~0.065~)NbO~3~ FE ceramics show a record-high energy storage density of 5.401 J/g, substantially higher than that of the current commercially used PZT 95/5 ceramics (2.929 J/g). The energy storage density per unit of volume is also calculated via the equation: *W* = *P~r~*^2^/2(ε~0~\*ε*~r~*). The result is listed in table S1, together with other reported materials. It can be seen that with regard to the energy density per unit of volume, (Ag~0.935~K~0.065~)NbO~3~ is also the highest reported among PZT 95/5 and other FE materials, with a record-high value of 34.57 J/cm^3^. The higher energy density is largely due to the larger remnant polarization, lower bulk density, and smaller dielectric constant of the (Ag~0.935~K~0.065~)NbO~3~ ceramics.

Their temperature stability, reflecting the working endurance to environmental conditions, is also a critical factor for material selection and device design. Figure S4A shows the dielectric constant of the poled (Ag~0.935~K~0.065~)NbO~3~ FE ceramics as a function of temperature from room temperature to 400°C at different frequencies. It can be seen that the (Ag~0.935~K~0.065~)NbO~3~ ceramics experience no disruptive phase transition until the temperature rises to 150°C, when an abrupt step-like increment of the dielectric constant emerges, which can be ascribed to an FE-FE phase transition. Figure S4B displays the evolution of the *P*-*E* loops of the (Ag~0.935~K~0.065~)NbO~3~ ceramics with increasing temperature from room temperature up to 180°C. With increasing temperature to 150°C, the coercive electric field decreases, but the important large remnant polarization remains essentially unchanged, indicating excellent, temperature-independent FE properties. The thermal depolarization evolution of the (Ag~0.935~K~0.065~)NbO~3~ ceramics was therefore examined (see fig. S4C). A sharp, thermal depolarization peak at 150°C can be observed because of the FE-FE phase transition, further supporting the material's remarkable temperature stability. This is an advantage over the current commercially used PZT 95/5 ceramics where a similar low-temperature FE--to--high-temperature FE phase transition leads to a loss of more than 10% of its polarization at a significantly lower temperature, 41 to 70°C ([@R2], [@R24]). Moreover, the Curie temperature (*T~C~*) of (Ag~0.935~K~0.065~)NbO~3~ (250°C) is also marginally higher than that of PZT 95/5 (227°C), adding to its superiority with regard to temperature stability ([@R2]). This advantage is quite important for the practical application of (Ag~0.935~K~0.065~)NbO~3~ materials, since it is always necessary for FE devices to operate under different temperature environments, and the fabrication of FE devices always involves a higher-temperature sealing process. It also needs to be stressed that the (Ag~0.935~K~0.065~)NbO~3~ material reported here is the first experimentally demonstrated, lead-free FE material that undergoes a substantial pressure-driven FE-AFE phase transition. A careful study on the structure and phase transition and their interactions with the pressure-driven properties of this material is important to enhance the understanding of this (Ag~0.935~K~0.065~)NbO~3~ material and thus provide new insight into the further development of lead-free materials for pressure applications.

DISCUSSION
==========

[Figure 2 (A and B)](#F2){ref-type="fig"} shows typical selected-area electron diffraction patterns (SAEDPs) of (Ag~0.935~K~0.065~)NbO~3~ ceramic powders collected along (i) \[001\] = \[0−11\]~p~ and (ii) \[0−13\] = \[0−21\]~p~ zone axes, respectively. The SAEDPs were first indexed with reference to a pseudo-cubic (*Pm*-3*m*) parent perovskite structure (subscript p). In addition to the well-defined set of parent perovskite Bragg reflections (labeled **G** hereafter), the **G** ± ½(100)~p~, **G** ± ½(011)~p~, and **G** ± ½(111)~p~ satellite reflections are also clearly present. As the doping level of K is only 6.5%, the appearance of satellite reflections is unlikely to be linked to cation ordering. The relatively intense ½(100)~p~ reflection indicates that the FE structure of (Ag~0.935~K~0.065~)NbO~3~ has a doubled lattice parameter, i.e., **a** = 2**a**~p~ with respect to the parent perovskite structure. The unambiguous FE properties exclude a supercell induced by antiparallel displacements, which often exist in AFE materials. Thus, octahedral tilting is proposed to be the main reason for the existence of the obtained satellite reflections. With respect to the octahedral tilting, the simultaneous observation of **G** ± ½(111)~p~ and **G** ± ½(110)~p~ satellite reflections suggests the coexistence of both in- and antiphase tilting, which can be expressed as either *a*^−^*a*^−^c^+^ or *a*^0^*b*^−^c^+^ in Glazer notation ([@R25]). The corresponding distorted structures induced by such octahedral tilting can thus be assigned to either *Pbnm* (**c**≡2**c**~p~, **a**≡**a**~p~ + **b**~p~, and **b**≡**a**~p~ − **b**~p~) or *Cmcm* (**c**≡2**c**~p~, **a**≡2**a**~p~, and **b**≡**2b**~p~) space groups, respectively. Intriguingly, the AFE structure of pure AgNbO~3~ with *Pbcm* symmetry has an unusual *a*^−^*a*^−^*c*^+^/*a*^−^*a*^−^*c*^−^ octahedral tilting system (see [Fig. 2F](#F2){ref-type="fig"} above), indicating alternative in- and antiphase octahedral tilting around the *c* axis (equivalent \[001\]~p~ direction) ([@R26]--[@R28]). As adjacent NbO~6~ octahedra present in-phase tilting as one unit, the tilting system of this half of the AgNbO~3~ unit cell is in accordance with an *a*^−^*a*^−^*c*^+^ tilting system, which can reproduce the diffraction patterns shown in [Fig. 2 (A and B)](#F2){ref-type="fig"} ([@R29]).

![Structural analysis of (Ag~0.935~K~0.065~)NbO~3~ ceramics.\
Selected-area electron diffraction patterns (SAEDPs) of a crushed fragment of an (Ag~0.935~K~0.065~)NbO~3~ ceramic along (**A**) \[001\] = \[0−11\]~p~ and (**B**) \[0--13\] = \[0--21\]~p~ zone axis directions. The very weak, arrowed in white, reflections \[in (B)\] arise from a small amount of a second twin domain. (**C**) The Rietveld refinement of the NDP of (Ag~0.935~K~0.065~)NbO~3~ powders in terms of a two-phase model (*Pmc*2~1~ + *Pbcm*). The refined Pmc2~1~ phase structure viewed along (**D**) the *a* axis and (**E**) the *b* axis. (**F**) The refined *Pbcm* phase structure viewed along its *a* axis.](aba0367-F2){#F2}

However, the appearance of ferroelectricity also requires the condensation of a zone center mode, i.e., the resultant symmetry should be a subgroup of either *Pbnm* or *Cmcm*. Upon further investigating their isotropy subgroups ([@R30]), it is found that spontaneous polarization can develop in either the \[001\]~p~ direction or the \[110\]~p~ direction. The dipole moments within the average structure of the two end members, namely, AgNbO~3~ and KNbO~3~ are all aligned along \[110\]~p~ ([@R31]), which convinces us that in (Ag~0.935~K~0.065~)NbO~3~, the spontaneous polarization should also develop along the \[110\]~p~ direction ([@R28]). Constrained by the direction of the polar axis, the resultant subgroup of *Pbnm* is thus assigned to *Pmc*2~1~ (**a**≡2**a**~p~, **b**≡**b**~p~ + **c**~p~ and **c**≡ −**b**~p~ + **c**~p~), while no suitable subgroup could be determined for *Cmcm* symmetry. The proposed FE structure for (Ag~0.935~K~0.065~)NbO~3~ is similar to the noncentrosymmetric space group obtained in NaNbO~3~ ([@R32]). By adopting this polar structure, it is found the simulated patterns at the same zone axes (fig. S5) reproduce almost all features observed in the SAEDPs. However, the tiny peaks shown in [Fig. 2B](#F2){ref-type="fig"}, indicated by the white arrows, are unobservable in the simulated pattern and can be shown to originate from a small amount of a second domain within the illuminated area required to take the SAEDP. In addition to the lattice reflections, it is evident that sharp diffuse streaking (indicated by the yellow arrows) in [Fig. 2 (A and B)](#F2){ref-type="fig"} runs along the \[020\]\* and \[031\]\* reflections perpendicular to the *a* direction through all the parent Bragg reflections, confirming the nature of these **G ±** (100)~p~\* sheets of diffuse intensity. This kind of diffuse scattering, which is well documented in AFE AgNbO~3~, FE KNbO~3~, and FE BaTiO~3~ ([@R28], [@R33], [@R34]), originates from one-dimensional polar chains along the \[100\] direction in real space, reflecting the local disordered nature of the Nb^5+^ ions.

To further confirm the proposed structural model, Rietveld refinement was conducted on the neutron diffraction pattern (NDP) of the (Ag~0.935~K~0.065~)NbO~3~ powders. Although the proposed single-phase *Pmc*2~1~ structure could predict most of the observed peaks (fig. S6), some reflections (enlarged in fig. S6, B and C) are heavily underestimated. The appearance of underestimated ¼(443)~p~ and ¼(229)~p~ peaks is consistent with the pure AFE AgNbO~3~--type structure with *Pbcm* symmetry ([@R28]). [Figure 2C](#F2){ref-type="fig"} shows a Rietveld refinement of the NDP data of the (Ag~0.935~K~0.065~)NbO~3~ powders based on a two-phase (*Pmc*2~1~ + *Pbcm*) model. Note that the fitting to the experimental data is notably improved, compared with that in fig. S6. The refined *Pmc*2~1~ and *Pbcm* phase structures are shown in [Fig. 2 (D to F)](#F2){ref-type="fig"}. The details regarding lattice parameters, phase fractions, atomic coordinates, and refinement reliability factors are listed in the Supplementary Materials. As illustrated in [Fig. 2E](#F2){ref-type="fig"}, the Nb^5+^ ion displaces \~0.08 Å along the **c** direction from its undistorted position, while the apical oxygens, O1^2−^ and O2^2−^ ions, shift along the +**c** direction. These off-center displacements lead to a spontaneous polarization along the **c** direction. Intriguingly, as mentioned previously, the structure of the FE *Pmc*2~1~ phase is similar to one unit, i.e., two adjacent octahedral layers delineated by the dashed red lines shown in [Fig. 2F](#F2){ref-type="fig"}, of the AFE *Pbcm* phase, where the dashed red lines indicate the antiphase boundaries between these units. The coexistence of *Pmc*2~1~ and *Pbcm* phases suggests a very low energy barrier between the FE and AFE structures, consistent with the observed properties characterization. It is also found that the calculated cell volume (one parent perovskite unit) of the *Pmc*2~1~ phase (61.3 Å^3^) is slightly larger than that of the *Pbcm* phase (61.1 Å^3^), supporting the fact that pressure stabilizes the AFE phase.

The above NDP results indicate that the most easily observable differences between the AFE and the FE phase reside in differences in octahedral tilting and the associated characteristic satellite reflections. As shown in the top NDP of [Fig. 3A](#F3){ref-type="fig"} (for the unpoled ceramic sample), for example, it is clear that characteristic FE phase reflections arising from *a*^−^*a*^−^*c*^+^ octahedral tilting, i.e., ½(301)~p~, ½(311)~p~, ½(321)~p~, and ½(341)~p~ reflections, are clearly observed, while no trace of the characteristic satellite reflections associated with the *a*^−^*a*^−^*c*^−^/*a*^−^*a*^−^*c*^+^ tilt system and the AFE phase, such as ¼(443)~p~ and ¼(229)~p~ (see, e.g., the bottom NDP of [Fig. 3A](#F3){ref-type="fig"}), is observed. Evidently, NDPs of both the poled and unpoled ceramic samples initially contain only a pure FE phase, which seems, at first glance, to be inconsistent with the Rietveld refinement results described above using powder samples. However, when the bulk ceramic sample was ground into a powder, residual stress was unavoidably induced, and the differences between NDPs measured for bulk ceramics and powder samples suggest a high sensitivity of (Ag~0.935~K~0.065~)NbO~3~ to external mechanical processing. The bottom NDP of [Fig. 3A](#F3){ref-type="fig"} gives the pattern for poled ceramic samples after the application, and following the withdrawal, of 600-MPa hydrostatic pressure. For this sample, the initial FE phase has clearly transformed into the AFE phase as evidenced by the appearance of the ¼(443)~p~ and ¼(229)~p~ reflections and associated disappearance of the ½(301)~p~, ½(321)~p~, and ½(341)~p~ reflections. This confirms that applied pressure can indeed induce the transition of (Ag~0.935~K~0.065~)NbO~3~ samples from an initial FE *Pmc*2~1~ phase to an AFE *Pbcm* phase.

![In situ NDPs of (Ag~0.935~K~0.065~)NbO~3~ ceramics.\
(**A**) NDPs of an unpoled (fresh) (Ag~0.935~K~0.065~)NbO~3~ ceramic sample, a poled (Ag~0.935~K~0.065~)NbO~3~ ceramic sample, and a poled (Ag~0.935~K~0.065~)NbO~3~ ceramic after experiencing 600-MPa hydrostatic pressure. (**B**) In situ NDPs of poled (Ag~0.935~K~0.065~)NbO~3~ ceramics as a function of increasing hydrostatic pressure. (**C**) The integrated area values of the 1/2(321) and 1/2(341) peaks from NDP data for poled (Ag~0.935~K~0.065~)NbO~3~ samples as a function of hydrostatic pressure. (**D**) In situ NDPs of unpoled (Ag~0.935~K~0.065~)NbO~3~ ceramics with increasing hydrostatic pressure. For the in situ NDP measurements, lead shards, whose lattice parameter is already known as a relation of hydrostatic pressure, were used to calibrate the pressure applied onto the (Ag~0.935~K~0.065~)NbO~3~ ceramics. a.u., arbitrary units.](aba0367-F3){#F3}

An in situ, neutron diffraction experiment under hydrostatic pressure of the poled (Ag~0.935~K~0.065~)NbO~3~ ceramic samples was then conducted to illustrate the pressure-induced phase transition process. [Figure 3B](#F3){ref-type="fig"} shows NDPs of the poled (Ag~0.935~K~0.065~)NbO~3~ ceramics under ambient pressure and hydrostatic pressures of 245, 375, and 600 MPa, respectively, as calculated from the marked peak shifts of the lead standard. Because of the influence of the fluorinert and the pressure cell environment, the quality of patterns is not as good as those taken without pressure cells. Nonetheless, unambiguous changes in the observed characteristic satellite reflections with increasing pressure are still observable. The patterns at ambient pressure and 245 MPa, for example, show the clear presence of ½(321)~p~ and ½(341)~p~ superlattice peaks, while the same superlattice reflections disappeared when the pressure was increased to 375 and 600 MPa. Although the ½(301)~p~ and ¼(443)~p~ superlattice reflections overlap with a peak from the lead shards, we can still in situ observe the pressure-driven FE-AFE phase transition in this poled (Ag~0.935~K~0.065~)NbO~3~ sample. [Figure 3C](#F3){ref-type="fig"} shows the integrated intensities of the ½(321)~p~ and ½(341)~p~ satellite peaks as a function of hydrostatic pressure. As aforementioned, the intensities of these satellite reflections can be considered to be a good indicator of the presence of the FE phase. Their sharp decrease in intensity over the pressure range from 245 to 375 MPa proves that the pressure-driven FE-AFE phase transition occurs at around 300 MPa, consistent with the macroscopic property measurements. In situ NDPs under pressure were also taken from an unpoled (Ag~0.935~K~0.065~)NbO~3~ sample ([Fig. 3D](#F3){ref-type="fig"}) to illustrate whether the pressure-driven phase transition is inherent or just characteristic of the poled ceramics. It is found that the same evolution trend was seen for the unpoled samples as for the poled samples. This provides strong evidence that (Ag~0.935~K~0.065~)NbO~3~ samples do indeed undergo an FE-AFE phase transition under pressure conditions no matter whether they were prepoled or not. Moreover, from the NDP data collected after withdrawal of the pressure ([Fig. 3A](#F3){ref-type="fig"}), it can also be inferred that the (Ag~0.935~K~0.065~)NbO~3~ ceramics remain in the AFE state and do not revert back to the initial FE phase even when the sample environment reverses back to ambient pressure. This result shows that the pressure-induced FE-AFE transition is irreversible, again consistent with the dielectric properties behavior shown in [Fig. 1 (C and D)](#F1){ref-type="fig"}.

We also use a phenomenological theory to rationalize the pressure effect on the relative stabilities of the FE and AFE phases. We introduce two sets of order parameters: polarization *p*~i~ (*i* = 1 to 3) and *q*~i~ (*i* = 1 to 3) to describe the FE and AFE phases, respectively ([@R35]). The model details used are given in the method section. A pressure-composition phase diagram for AKN is then calculated on the basis of energy minimization. As shown in [Fig. 4A](#F4){ref-type="fig"}, K doping favors the FE phase, while hydrostatic pressure favors the AFE phase. Thus, applying pressure can induce the AFE phase, resulting in a depolarization effect. The energy contours with respect to the values of *p*~1~ and *p*~2~ near the FE-AFE phase boundary are plotted in [Fig. 4B](#F4){ref-type="fig"}. The energy minimum at *p*~1~, *p*~2~ = 0 indicates the stable AFE phase, while the local energy minima at the four corners suggest the metastable FE states. Upon increasing the K-doping level sufficiently, the energy wells associated with the FE phase become ever deeper, until the sample becomes FE under ambient conditions. [Figure 4C](#F4){ref-type="fig"} shows the energy profiles of (Ag~0.935~K~0.065~)NbO~3~ (AKN-0.065) and (Ag~0.92~K~0.08~)NbO~3~ (AKN-0.08) under different hydrostatic pressures. In the AKN system, although pressure suppresses the stabilities of both the FE and AFE phases, the FE phase is more sensitive to the applied pressure, and the free energy of the FE phase increased more under a certain pressure. Moreover, for AKN-0.065, the difference between the energy minima of the FE and AFE phases under ambient pressure is small, which shows good consistency with the structural analysis. While for AKN-0.08, the difference between the energy minima of the FE and AFE phases under ambient pressure is increased. Thus, it is more difficult to drive the FE-AFE phase transition for AKN-0.08 under higher pressure conditions, as indicated by the energy profiles under 400 MPa in [Fig. 4C](#F4){ref-type="fig"}.

![Phenomenological modeling of the FE and AFE phases.\
(**A**) Pressure-composition phase diagram of the (Ag~0.935~K~0.065~)NbO~3~ system. (**B**) Energy contours as a function of *p*1 and *p*2 near the FE/AFE phase boundary. The value of *p*3 is zero, with polarization along the \[110\]~p~ direction. (**C**) The energy profiles of AKN-0.065, i.e., (Ag~0.935~K~0.065~)NbO~3~, and AKN-0.08, i.e., (Ag~0.92~K~0.08~)NbO~3~ under different hydrostatic pressures. (**D**) The *P*-*E* loops of AKN-0.08 under different hydrostatic pressures.](aba0367-F4){#F4}

We therefore prepared AKN-0.08 ceramics to experimentally demonstrate the calculation results. [Figure 4D](#F4){ref-type="fig"} shows the *P*-*E* loops of AKN-0.08 ceramics under ambient pressure and hydrostatic pressures of 400 MPa, respectively. The AKN-0.08 ceramics show strong FE properties, and no abrupt polarization drop is observed although the pressure increases up to 400 MPa. This suggests that a high K-doping level stabilizes the FE phase, and a much higher pressure is needed to trigger the FE-AFE phase transition of AKN-0.08, showing good agreement with the theoretical results. It can therefore be concluded that an FE-AFE phase transition, accompanied by a large polarization change, can be driven by moderate pressure only for AKN-0.065 ceramics, which enables this material to have an excellent fast energy-releasing behavior, driven by pressure or mechanical force.

In summary, a lead-free, high-performance (Ag~0.935~K~0.065~)NbO~3~, FE material has been discovered that shows outstanding potential for next-generation explosive energy conversion applications. This AKN material is the first reported lead-free FE material, which can be experimentally shown to undergo an FE-AFE phase transition upon the application of pressure. Electron diffraction and in situ neutron diffraction analyses have been used to decode the FE-AFE phase transition process, which is shown to be associated with a pressure-driven irreversible change from a *Pmc*2~1~, FE phase to a *Pbcm*, AFE phase with the accompanying oxygen octahedral tilt system changing from *a*^−^*a*^−^*c*^+^ to *a*^−^*a*^−^*c*^−^/*a*^−^*a*^−^*c*^+^. Moreover, a proposed phenomenological theory has been used to further confirm our experimental results. On the basis of these AKN materials, we have successfully manufactured an AKN FE energy storage device, which shows comparable dynamic charge-releasing performance as the current commercially used PZT 95/5 materials. We are convinced that the results presented in this work open up important new research directions in lead-free FE materials and, in particular, to the future search for new lead-free materials for explosive energy conversion applications.

MATERIALS AND METHODS
=====================

Sample preparation
------------------

The AKN ceramics were synthesized using the traditional solid-state reaction method ([@R36]). Ag~2~O (≥99.7%), Nb~2~O~5~ (≥99.93%), and K~2~CO~3~ (≥99.9%) were used as raw materials. The mixed starting materials were first ball milled in ethanol for 12 hours. The dried powders were then calcined at 870°C for 3 hours in an O~2~ atmosphere. After calcination, the powder was ball milled again for 12 hours and pressed into pellets with a diameter of 15 mm using polyvinylalcohol as a binder. The pellets were then sintered at 1100°C for 3 hours. To prevent the decomposition of silver oxide at higher temperatures, a flowing O~2~ atmosphere was used during the sintering process. The obtained ceramics were then polished to 0.5 mm in thickness and 8.0 mm in diameter. For electrical property measurements, silver electrodes were pasted on both sides of the ceramics and sintered at 700°C for 0.5 hours.

Dielectric measurements
-----------------------

The temperature and pressure dependence of the dielectric constant and dielectric loss were measured using a Hewlett Packard LCR meter (1-3-2, Murotanim Nishi-ku, Kobe-shi, Hyogo 651-22, Japan). The hydrostatic pressure environment was generated in a custom-built experimental setup for electrical testing under pressure conditions. Benzyl-toluene was used as the hydrostatic pressure transporting liquid medium. The AKN sample was electrically connected with an integrating capacitor and an electrometer. When starting the controlling unit, a hydrostatic pressure loading setup will operate, and the pressure will thus increase around the sample via the transporting liquid medium and is monitored by pressure monitor. The different data were collected using an A/D conversion card during the pressure-driven depolarization process.

Ferroelectric measurements
--------------------------

The *P*-*E* loops were characterized at 1-Hz frequency using an aixACCT TF 2000 analyzer FE measuring system (aixACCT Co., Aachen, Germany) using a sinusoidal waveform. The hydrostatic pressure environment was provided using the same setup as described above.

Transmission electron microscopy
--------------------------------

The electron diffraction patterns were obtained using a JOEL 2100F FEGTEM instrument.

Scanning electron microscopy
----------------------------

The microstructure of the as-sintered ceramic samples was examined using field-emission scanning electron microscopy (S-4800, Hitachi, Tokyo, Japan).

Neutron scattering
------------------

For structural refinement, high-resolution neutron scattering using the Echidna instrument from the Australian Nuclear Science and Technology Organisation (ANSTO) was performed. For neutron analysis under pressure, in situ high-intensity neutron scattering was conducted using the Wombat instrument from ANSTO. A Paris-Edinburgh high-pressure cell was used as the pressure source and pressure holder. Fluorinert was used as the pressure transmission medium to produce the desired hydrostatic pressure environment. Lead shards, whose lattice parameter evolution under pressure variation is already known, were used as filling calibrants to calculate the real pressure value that was applied on the AKN samples when collecting diffraction patterns. A long enough collecting time for each pattern (2 hours) was used to enhance the pattern quality as a result of the weakened intensities of the sample reflections due to the diffraction attenuation arising from the filling fluorinert and the lead shards.

Device demonstration
--------------------

The shock-wave compression experiment was conducted on a φ57-mm one-stage gas gun facility. The normal mode with the remnant polarization direction perpendicular to the shock direction was used ([@R12]). The specimens embedded within epoxy resin are fixed on the target chamber. The copper flyers were used with different shock speeds to obtain different pressures. A multichannel oscilloscope is used for recording the depoling current signals with a current viewing resistor of 1 ohm. The schematic configuration of the shock-wave load experiment and the equivalent circuit are illustrated in fig. S7. The output circuit is connected to large impedance loads to obtain a high voltage across the FE ceramics. In our experiments, the thickness of the copper flyer is 6 mm. The geometry of the specimens is 16 × 8 × 2 mm. The value of applied shock stress is calculated from impedance matching.

Theory modeling
---------------

The total free-energy density is expressed by$$\begin{array}{l}
{f = a_{\textit{ij}}p_{i}p_{j} + a_{\textit{ijkl}}p_{i}p_{j}p_{k}p_{l} + a_{\textit{ijklmn}}p_{i}p_{j}p_{k}p_{l}p_{m}p_{n} +} \\
{a_{\textit{ijklmnuv}}p_{i}p_{j}p_{k}p_{l}p_{m}p_{n}p_{u}p_{v} + b_{\textit{ij}}q_{i}q_{j} + b_{\textit{ijkl}}q_{i}q_{j}q_{k}q_{l} +} \\
{b_{\textit{ijklmn}}q_{i}q_{j}q_{k}q_{l}q_{m}q_{n} + t_{\textit{ijkl}}p_{i}p_{j}q_{k}q_{l} + \frac{1}{2}s_{\textit{ijkl}}\sigma_{\textit{ij}}\sigma_{\textit{kl}} -} \\
{Q_{\textit{ijkl}}p_{i}p_{j}\sigma_{\textit{kl}} - \Lambda_{\textit{ijkl}}q_{i}q_{j}\sigma_{\textit{kl}}} \\
\end{array}$$

Where *a*~*ij*~, *a*~*ijkl*~, *a*~*ijklmn*~, *a*~*ijklmnuv*~, *b*~*ij*~, *b*~*ijkl*~, *b*~*ijklmn*~, and *t*~*ijkl*~ are the coefficients of the Landau polynomial, *s*~*ijkl*~ is the compliance tensor, σ~*ij*~ is the stress tensor, and *Q*~*ijkl*~ and Λ~*ijkl*~ are the FE and AFE electrostrictive coefficients, respectively. The Einstein summation convention is used. Among the coefficients in [Eq. 1](#E1){ref-type="disp-formula"}, we assume that *a*~*ij*~, *a*~*ijkl*~, *a*~*ijklmn*~, *a*~*ijklmnuv*~, and *b*~*ij*~ are linearly dependent on composition, e.g., *a*~11~(*x*) = 2(1 − *x*) *a*~11~(K~0.5~Ag~0.5~NbO~3~) + (2*x* − 1)*a*~11~(KNbO~3~), and *b*~11~ = *b*~0~\[*T* − *T*~*q*0~(1 − *c*~*q*~*x*)\], where *x* denotes the K composition, *b*~0~ and *cq* are constants, and *T*~*q*0~(*x*) is the AFE Curie temperatures of pure AgNbO~3~, respectively. The values of *a*~*ij*~, *a*~*ijkl*~, *a*~*ijklmn*~, and *a*~*ijklmnuv*~ are taken from K~0.5~Na~0.5~NbO~3~ and KNbO~3~ ([@R37]). The other coefficients are fitted on the basis of experimental data, and all the coefficients are given in table S4.
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